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IABSTRACT
Raman spectroscopy is gaining its popularity in biological fields due to its ability to obtain data without 
altering the sample in anyway. However, there was no method of measuring the concentration of a 
substance of interest in real time, which can be useful in many biological applications. The conventional 
spectrometer was taken out and instead I used a lock-in amplifier, which is a device that amplifies 
signals obtained at a given frequency. This way we manipulated a method to obtain data at 1000 Hz. 
Moreover, noise at frequencies not equal to 1000 Hz will naturally die out due to no amplification. 
However, noise obtained from the laser frequencies (auto-fluorescence from sample, random scattering 
etc.) need to be flattened to avoid amplifying these noises. We have used HPLC grade ethanol and 
obtained a quantified graph to prove this idea. 
II
ACKNOWLEDGMENTS
This project would not have been possible without the support of many people. Many thanks 
to my adviser, Sung Chul Bae, who helped me clear up my confusions and gave numerous advices. 
Also thanks to my committee members, Hajin Kim, and Jung Hoon Park who offered guidance and 
support. Thanks to Ulsan National Institute of Science and Technology for allowing me to attend a 
wonderful institution. And finally, thanks to my parents and numerous friends who endured this long 
process with me, always offering support and love. 
III
TABLE OF CONTENTS
PREFACE………………………………………………………………………………………………..
Abstract………………………………………………………………………………………..I
Acknowledgment……………………………………………………………………………..II
List of Tables………………………………………………………………………………....V
List of Figures……………………………………………………………………….………VI
Nomenclature………………………………………………………………………………VIII
References…………………………………………………………………………………...IX
CHAPTER 1: INTRODUCTION………………………………………………………………………1
1.1 Research Motivation……………………………………………………………………...1
1.2 Research Objective…………………………………………………………………….…1
1.3 Research Approach…………………………………………………………………….…1
CHAPTER 2: BACKGROUNG
2.1 Background of Raman Spectroscopy……….………………………………………….....3
2.1.1 Theory of Raman Spectroscopy……………………………………….……3
2.2 Raman Spectroscopy for Biological applications..…………………………………...…..5
CHAPTER 3: METHODOLOGY…………………………………………………………………...…8
3.1 Experimental Design……………………………………………………………...………8
3.1.1 Optical Schematic of Experiment………………………………………..……8
3.1.2 Methods………………………………………………………………………..9
3.1.3 Principles…………………………………………………………………..…13
3.1.4 Experimental Set-up…………………………………………………...……..13
CHAPTER 4: RESULTS…………………………………………………………….. ………………18
IV
4.1 Raman Quantified with Lock-in Amplifier……………………………………...………18
4.2 Noise Reduction…………………………………………………………………………20
CHAPTER 5: DISCUSSION/CONCLUSIONS………………………………………………………25
5.1 Discussion……………………………………………………………………………..…25
5.2 Conclusion……………………………………………………………………….………26
VLIST OF TABLES
1. Raman spectroscopy derivatives and their applications…………………………………..…...6
2. Resulting Stoke’s shift converted into wavelength………………………………………..…14
VI
LIST OF FIGURES
1. Comparison of the probability of different scattering events………………………………….4
2. Energy diagram of Rayleigh scattering and Raman scattering, which includes Stokes 
scattering and anti-Stokes scattering……….………………………………………………….4
3. Optical schematic of Raman set-up……………………………………………………………8
4. Lock-in Amplifier. First window will give quantified information while the third window 
represents the specified frequency……………………………………………………......….11
5. Transmission and OD information of ET675/20M…………………………………………..12
6. Transmission and OD information of ET665lp………………………………………………12
7. Raman spectrum of ethanol…………………………………………………………………..13
8. Laser signal input into lock-in amplifier without any filter(a), and with a band pass filter 
blocking only laser 2 (b). APD’s view of the input signals without any filter (c), and with a 
band pass filter blocking only laser 2 (d)………………………………………………….....15
9. Reasoning for two lasers. Need to even out the undesired signals in order to avoid 
amplification of the undesired signals. All signals going into detector (a), signals going into 
detector with band pass filter (b), undesired signals being crossed out to prevent frequency 
occurrence (c)………………………………………………………………………………...16
10. Raman quantified using the traditional spectrometer. Sample is HPLC grade ethanol……...18
11. Raman quantified and graphed. The equation helps ethanol concentration prediction and 
shows better readability………………………………………………………………………19
12. Raman spectrum of HPLC ethanol obtained using the classic method of using a spectrometer. 
Full spectrum of HPLC grade ethanol (top). A zoomed in image of the green box which is the 
background (bottom)………………………………………………………………………....21
13. Raman spectrum of ethanol obtained using the classic method of using a spectrometer…....22
14. Raman spectrum of ethanol obtained using the classic method of using a spectrometer. Full 
spectrum of HPLC grade ethanol (top). A zoomed in image of the green box which is the 
background (bottom)………………………………………………………………………....23
15. Raman spectrum of ethanol obtained using the classic method of using a spectrometer……24
VII
16. Raman spectrum of L-lysine. There are strong peaks of L-lysine at 1260 cm-1, 1394 cm-1, 1563 
cm-1, and 1660 cm-1………………………………………………………………………...…25
VIII
NOMENCLATURE
APD: Avalanche Photodiode
CARS: Coherent Anti-stokes Raman Spectroscopy
HPLC: High Performance Liquid Chromatography
PRS: Polarized Raman Spectroscopy
ROA: Raman Optical Activity
SERDS: a Shifted-Excitation Raman Difference Spectroscopy
SERS: Surface Enhance Raman Spectroscopy
SORS: Spatially Offset Raman Spectroscopy
TERS: Tip Enhance Raman Spectroscopy
IX
REFERENCES
1. Gardiner, D. J., Graves, P.R, & Bowley, H.J. (1989). Practical Raman spectroscopy.
2. The Fingerprint Region. (2013). Retrieved November 17, 2016, from 
http://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Spectroscopy/Vibration
al_Spectroscopy/Infrared_Spectroscopy/The_Fingerprint_Region
3. Raman Scattering. (n.d.). Retrieved November 17, 2016, from http://hyperphysics.phy-
astr.gsu.edu/hbase/atmos/raman.html
4. Staveley, L. A. (1971). The characterization of chemical purity: Organic compounds. 
London: Butterworths.
5. Butler, H. J/. Ashton, L., Bird, B., Cinque, G., Curtis, K., Dorney, J….Martin, F.L. (2016). 
Using Raman spectroscopy to characterize biological materials. Nat Protoc Nature Protocols, 
11(4), 664-687. doi:10.1038/nprot.2016.036
6. A. Smekal, The quantum theory of dispersion, Naturwissenschaften, 11, 873 (1923).
7. C.V. Raman and K.S. Krishnan, The optical analog of the Compton effect, Nature, 121, 711 
(1928).
8. Plc, R. (n.d.). A basic overview of Raman spectroscopy. Retrieved November 28, 2016, from 
http://www.renishaw.com/en/a-basic-overview-of-raman-spectroscopy--25805
9. Keresztury, G. (2006). Raman Spectroscopy: Theory. Handbook of Vibrational Spectroscopy. 
doi:10.1002/0470027320.s0109
10. The Theory of Raman Spectroscopy. (2005). Modern Raman Spectroscopy - A Practical 
Approach, 71-92. doi:10.1002/0470011831.ch3
11. Raman Spectroscopy. (2015). Retrieved November 28, 2016, from 
Xhttp://www.omegafilters.com/applications/raman-spectroscopy/
12. The Theory of Raman Spectroscopy. (n.d.). Retrieved November 28, 2016, from 
http://www.horiba.com/scientific/products/raman-spectroscopy/raman-academy/raman-
tutorial/the-theory-of-raman-spectroscopy/
13. Theory of Raman Scattering - B&W Tek. (n.d.). Retrieved November 28, 2016, from 
http://bwtek.com/raman-theory-of-raman-scattering/
14. Image, B. C. (n.d.). Ethanol » Raman Spectroscopy » Scientific & Industrial Fields » 
Applications | Sacher Lasertechnik Group. Retrieved December 05, 2016, from 
https://www.sacher-laser.com/applications/overview/raman_spectroscopy/ethanol.html
1CHAPTER 1:
INTRODUCTION
1.1 RESEARCH MOTIVATION
Raman spectroscopy is a technique used to observe vibrational, rotational, and other low frequency 
modes in a “system”.1 Raman spectroscopy is an essential tool that can be useful in biomedical 
applications due to the fact that Raman spectroscopy can use intrinsic properties of the sample
(using the fingerprint region) and does not need exogenous agents, which can possibly alter the 
properties of the sample.2
Despite these advantages may be appealing, the biggest obstacle is its low signal. There are other 
light properties that Raman scattering has to overcome such as Rayleigh scattering or fluorescence. 
Without any modifications, it may sometimes be impossible to detect Raman scattering.3 However, 
this can be overcome by using lasers.4
Currently, there are many techniques such as: CARS, Confocal Raman microscopy, PRS, ROA, 
SERDS, SERS, etc., developed to obtain Raman spectroscopically for various biomedical 
applications.5 A detailed table created by Butler can be found in chapter 2. However, there are no 
methods for measuring the change in concentration in a fluid using Raman scattering. This can be 
used for measuring the production of antibiotics from bacteria or fungi, measuring the sulfate-
reducing rate of Desulfovibrio vulgaris, bio-mining, etc. Therefore in this thesis, I will be 
presenting how the concentration change can be measured in real time.
1.2 RESEARCH OBJECTIVE
This thesis focuses on developing a new method that keeps the advantages of Raman while 
allowing real-time quantifications for concentration changes. The properties that needs to be noted 
throughout the process is that no external agents should be included in the experiment and that 
there should be enough space for the sample to be placed. 
1.3 RESEARCH APPROACH
The goals for this research are the following:
1. Measure Raman signals with a microscope based set-up.
22. Be able to use a lock-in amplifier to quantify Raman signals
3. Measure Raman in real-time
4. Measure low quantities 
Goals one and two were totally met. Goal three is nearly met, and goal four needs higher
understanding of optics and lock-in amplifier mechanics. 
3CHAPTER 2:
BACKGROUND
2.1 BACKGROUND OF RAMAN SPECTROSCOPY
Like I mentioned in the motivation, Raman spectroscopy measures low frequency modes; therefore 
making it a non-destructive analyzing method. This method was first proposed by Adolf Smekal 
in 19236, but was first observed in 1928 by Sir C. V. Raman, who used only sunlight and a narrow 
band photographic filter.7 In general, there are four common outcomes between light-matter 
interactions: reflection, absorption, scattering, and transmission (or refraction).8 Moreover, there 
are two differently classified scattering, elastic scattering, where the energy is conserved (or no 
change of frequency), and inelastic scattering, where energy is not conserved (change in 
frequency).8 Elastic scattering may be classified as Rayleigh scattering and inelastic scattering may 
be classified as Raman scattering. Because the probability of Raman scattering occurring is much 
smaller than Rayleigh scattering3, the signals are often buried and hard to detect, which will be 
described in more detail soon. Also, other environments such as environments with auto-
fluorescence, can even conceal Raman scattering, so it is important to detect Raman scattering 
efficiently. 
2.1.1 Theory of Raman Scattering
Understanding the Raman scattering effect can be simpler using a quantum mechanical model, 
or the energy transfer model. Starting with a photon which is the basic unit of electromagnetic 
radiation, can be thought as a quantum of light holding an energy of
E = h  = ℎ   ̅                                     (X.X)
where h is Planck’s constant, v is the frequency of light, and   i̅s the wavenumber of the 
radiation.9,10 In an IR absorption, there is a direct transition between two vibrational levels. 
An example would be from the vibrational ground state (v = 0) to the first excited state (v = 
1). In contrast to this, Raman scattering involves an almost simultaneous transition from the 
ground state to a “virtual state”.9,10
4Figure 1. Comparison of the probability of different scattering events.11
When scattering occurs between light-matter interactions, only one in approximately 107
scattering events can be classified as a type of Raman scattering.12 The comparison of the 
events are shown in figure X. During a Raman scattering event, an incident photon indirectly 
interacts with a phonon in the crystal lattice of the sample and scatters the photon with a 
shifted frequency. If this shift decreased, or loss energy, it is called Stokes scattering, but if 
this shift increased, or gained energy, it is called anti-Stokes scattering.12
Figure 2. Energy diagram of Rayleigh scattering and Raman scattering, which includes 
Stokes scattering and anti-Stokes scattering.3
52.2 RAMAN SPECTROSCOPY FOR BIOLOGICAL APPLICATIONS
Because of its high potential of studying biological samples and environments non-invasively, 
confocal Raman spectroscopy is gaining its popularity.5 This technique can be applied to obtain 
information of the skin down to several hundred micrometers deep. Raman spectroscopy can be 
used to measure the chemical composition of a sample, which can be used to extract biological 
information.1,2 There are currently many different techniques using Raman scattering for biological 
applications but not enough tools to measure the change in concentration of a subject of interest in 
real time. 
6Table X. Raman spectroscopy derivatives and their applications5
Raman Technique Applications
Coherent anti-Stokes Raman scattering Cell/tissue imaging
Cancer diagnosis
Pharmaceuticals
Confocal Raman Microscopy Cell/tissue/plant cell imaging
Cancer diagnosis
Pharmaceuticals
Drop-coating deposition Raman spectroscopy Biofluid analysis
Protein quantification
FT-Raman Pharmaceuticals
Plant materials
Kerr-gated Raman spectroscopy Depth profiling in human tissue
Polarized Raman spectroscopy (PRS) Collagen orientation
Plant photosystems
Raman optical activity (ROA) Biopolymer analysis
Pharmaceuticals
Resonance Raman spectroscopy (RRS) Plant photosystems
Human biology
SERDS Live cells
Animal/human tissue
SORS Cancer diagnosis
Chemical analysis beneath physical 
obstructions
Surface-enhanced SORS (SESORS) Depth measurements
SRS Cell/Plant imaging
SERS Single=molecule detection
Tumor targeting
Live-cell analysis
Pharmaceuticals
Cancer diagnosis
Bacterial identification
Plant materials
7Surface-enhance resonance Raman scattering Biomolecule detection
Protein analysis
TERS Microbiology
Biochemical imaging
Total internal reflection Raman spectroscopy Plant materials
Transmission Raman Cancer diagnosis
Pharmaceuricals
8CHAPTER 3:
METHODOLOGY
3.1 EXPERIMENT DESIGN
Our method is based on confocal Raman spectroscopy, but a lock-in amplifier substitutes the 
spectrometer’s place. Also, I am not adding any reagents to enhance the Raman signal’s intensity 
nor are we using mathematical methods to subtract the noises from the environment. 
3.1.1 Optical Schematic of Experiment 
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93.1.2 Method
This experiment is possible using the fact Raman peaks shift with wavelengths while fluorescence 
peaks emit at the same wavelength with small excitation wavelength differences. Therefore, we 
picked two laser (obis, Coherent) wavelengths, 637 nm and 647 nm, that are not too far apart while 
keeping them far enough for our filter to cut off one of the wavelengths; this will be explained more in 
detail later. The two laser beams are combined and share the same pathway after the polarized beam 
splitter. Then it is sent to the rear end of a microscope, where the sample can be placed as well. After 
the two laser beams scatter back from the sample, it is sent to an APD which is connected to a lock-in 
amplifier (SRS830). A lock-in amplifier is a device that amplifies signals coming in at a specified 
frequency. This is how we quantify our Raman scattering, but there are some factors to that will 
hinder amplification.
i. Avoid 60Hz (fluorescence lamps, monitor etc.)
ii. Fluorescence amplification (Auto-fluorescence will be coming in at the same frequency 
as Raman scattering)
To avoid the first factor, we chose 1000Hz to ignore any possibilities of other photon sources being 
amplified in the lock-in amplifier assuming there are no signals possessing 1000Hz in their natural 
state. The actual frequency was at 999.9Hz because I used a LabVIEW program to produce 1000Hz 
for the lasers and used the same program and inputted to the lock-in amplifier.
The sample I used to prove this idea was HPLC grade ethanol. Ethanol’s Raman spectrum is shown in 
figure X. The peak located at 880 cm-1 is narrow and has the highest intensity; therefore it is the best 
option to prove this idea. Ethanol was chosen because of its narrow and fairly intense 880 cm-1 peak. 
As shown in table X the Raman scattered photons using the 637 nm and 647 nm lasers will be at 
wavelengths 675nm and 686nm respectively. Therefore this should be taken to consideration when 
selecting the right dichroic mirror and band pass filter. The band pass filter that I chose is 
ET675/20M, which means the band with is 20 nm centered at 675 nm; in other words, wavelengths 
from 665 – 685 nm can be transmitted through this filter. The dichroic mirror chosen for this 
experiment is ET665lp, which means this mirror reflects wavelengths shorter than 665 nm and 
transmits wavelengths longer than 665 nm. This allows the lasers 637 nm and 647 nm to reach the 
sample, and stoke shifted 675 nm and 686 nm photons to reach the detector. 
To summarize, the two lasers at 637 nm and 647 nm can produce the following outcomes: Raman
scattering from the two lasers, any auto-fluorescence, scattering from other sources, and signals from 
10
water. It is critical to only create a frequency for the resulting Raman scattering and to flatten out the 
other signals so the detector will not experience a frequency for the noise, thus, not amplifying the 
noise. This will be explained in more detail in section 3.1.3
11
Figure 4. Lock-in Amplifier. First window will give quantified information while the third window 
represents the specified frequency.
12
Figure 5. Transmission and OD information of ET675/20M
Figure 6. Transmission and OD information of ET665lp
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3.1.3 Principles
Like mentioned before, there needs to be a frequency (same frequency as the set lock-in amplification 
frequency) in order to amplify the signals from the surrounding noise. 
As shown in Figure X. a band pass filter works as a laser frequency generator. Both of the lasers are 
coming in at the same frequency, 1000Hz, but have a 0.0005 second delay between the lasers. However, 
unwanted signals also are detected and amplified in the lock-in amplification if the signals are coming 
in with the given frequency. Therefore there is a need to equalize the intensity of the undesired signals 
in order to cross out the frequency they may create. This is how two lasers can fix this problem. With 
only one laser producing Raman scattering along with other possible signals, not only will Raman 
scattering be amplified, but the other signals will also be amplified and create unstable and fluctuating 
signals. 
3.1.4 Experimental Set-up
The sample we used is HPLC grade ethanol. In order to choose the most suited dichroic mirror and 
band-pass filters we need to know how ethanol’s Raman spectrum looks like. 
Figure 7. Raman spectrum of ethanol.14
The Stoke’s shift of each peak with the lasers used in this experiment are shown in graph X. In this 
experiment, we will be focusing on the 808 cm-1 peak since it has the greatest intensity and the shift is 
detectable with non-expensive optics. In order to create a frequency for the APD input, only one of the 
lasers need to be cut-off and one should be allowed to pass through the band pass filter. Also, the 
dichroic mirror should be able to reflect both 637 nm and 647 nm and transmit both Raman shifts –
674.83 nm and 686.06 nm. The two models used for this set up are ET665lp and ET675/20M. The 
following wavelengths: 674.83 nm and 686.06 nm will be the actual wavelengths reaching the APD. 
14
Table 2. Resulting Stoke’s shift converted into wavelength
Laser (λ) Stoke’s shift Resulting wavelength (λ)
637
430 654.94
880 674.83
1055 682.89
1090 684.53
1280 693.55
1460 702.32
647
430 665.52
880 686.06
1055 694.40
1090 696.09
1280 705.42
1460 714.49
15
Figure 8. Laser signal input into lock-in amplifier without any filter(a), and with a band pass filter 
blocking only laser 2 (b). APD’s view of the input signals without any filter (c), and with a band pass 
filter blocking only laser 2 (d).
16
Figure 9. Reasoning for two lasers. Need to even out the undesired signals in order to avoid 
amplification of the undesired signals. All signals going into detector (a), signals going into detector 
with band pass filter (b), undesired signals being crossed out to prevent frequency occurrence (c).
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It is important to understand how the frequency is created using two lasers. Figure X. shows a good 
explanation of how the APD feels a frequency. The green bars represent the 675 nm shifts reaching 
the APD, and the yellow bars represent the 686 nm shifts. The color “black” represents how the APD 
is receiving the signals. For example, in the case where there is no band-pass filter (figure a and c), 
the APD feels as it is receiving a continuous signal, in other words, no frequency. However on the 
other hand where there is a band pass filter blocking only the 686 nm signal (figures X.b and d), the 
APD starts to feel a frequency created by us. 
The reasoning for needing two lasers come in play when noise starts to contribute in amplification. 
Figure X. shows a good example of how noise would look like in the APD’s point of view. The blue 
and red represent the noise for the 675 nm and 686 nm shifts respectively, and when the noise from 
the two shifts are not equal, the APD recons a frequency (grey) and the lock-in amplifier will start to 
amplify it. Therefore, it is crucial to flatten out the noise using two lasers. This is well explained in 
figure X.f. 
18
CHAPTER 4:
RESULTS
4.1 RAMAN QUANTIFIED WITH LOCK-IN AMPLIFIER
In order to prove that our method works, we need to first compare the visibility of the traditional 
method versus our new method. Like shown in figure X. It would be hard to tell in a glance what 
the concentration of ethanol is. For example, if we only had one of the data points, we would know 
that there is ethanol in the sample, but not how much of it. However, figure X. is easier to read in a 
glance, and has an equation to predict the actual concentration of the ethanol sample. 
Figure 10. Raman quantified using the traditional spectrometer. Sample is HPLC grade ethanol.
19
Figure 11. Raman quantified and graphed. The equation helps ethanol concentration prediction and 
shows better readability.
20
4.2 NOISE REDUCTION
However, in order to reach this point, there were some considerations to be checked. Like mentioned 
in the methods chapter, it is easy to create a frequency of ~1000 Hz using a puled laser, but 
amplification is limited by incoming noise because noise coming in at this frequency will also be 
amplified. Therefore an operation on removing, or flattening out, the noise is a crucial job for this 
experimental set-up to work. Figures X and X show how the signals differ in response to the laser 
power used. As showed in the zoomed in region, the background (noise) intensity is also increasing 
with laser power, and if this background is not equal between the 637 nm and 647 nm laser, the APD 
will experience a frequency and the lock-in amplifier will amplify this frequency like shown in 
figure X. 
Moreover, Figures X and X show how the signals differ in response to the concentration change of 
ethanol, which also means there is a change in concentration of micro-pure distilled water. Unlike 
changing the laser power, changing the concentration did not have a certain pattern; also, the 
fluctuations are assumed to come from sample placement since the sample had to be replaced every 
time a new concentration was measured. Therefore, I feel safe to say that micro-pure distilled water, 
which is used to dilute HPLC grade ethanol, does not have a particular contribution to noise. 
21
Figure 12. Raman spectrum of HPLC ethanol obtained using the classic method of using a 
spectrometer. Full spectrum of HPLC grade ethanol (top). A zoomed in image of the green box 
which is the background (bottom)
22
Figure 13. Raman spectrum of ethanol obtained using the classic method of using a spectrometer. 
Full spectrum of HPLC grade ethanol (top). A zoomed in image of the green box which is the 
background (bottom)
23
Figure 14. Raman spectrum of ethanol obtained using the classic method of using a spectrometer. 
Full spectrum of HPLC grade ethanol (top). A zoomed in image of the green box which is the 
background (bottom)
24
Figure 15. Raman spectrum of ethanol obtained using the classic method of using a spectrometer. 
25
Full spectrum of HPLC grade ethanol (top). A zoomed in image of the green box which is the 
background (bottom)
CHAPTER 5:
DISCUSSION/CONCLUSION
5.1 DISCUSSION
   I have developed a Raman detection derivative for concentration change quantifying applications. 
This method allows the user to check a specific molecule’s concentration change by choosing a 
unique peak and amplifying it using a lock-in amplifier. It is important to note the band pass filter 
and dichroic mirrors need to be replace accordingly. For example, when monitoring penicillin 
production using the following reaction:
α-ketoglutarate + AcCoA → homocitrate → L- α-aminoadipic acid → L-lysine + β-lactam
the by-product L-lysine inhibits the production of homocitrate resulting in less β-lactam (core 
structure of antibiotic families) production. Therefore it is important to monitor the percentage of 
L-lysine in the batch and extract in real time to allow continuous forward reaction. 
Figure 16. Raman spectrum of L-lysine. There are strong peaks of L-lysine at 1260 cm-1, 
1394 cm-1, 1563 cm-1, and 1660 cm-1.
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If we pick a rather narrow peak at 1563 cm-1 and use the lasers at 637 nm and 647 nm, the Raman 
scattered signals will be 707.43 nm and 719.79 nm respectively. Therefore, a dichroic mirror that 
can reflect 637 nm and 647 nm while transmitting 707 nm and 720 nm should be chosen. For the 
similar reason, a band pass filter must only allow 707 nm through and block 720 nm from reaching 
the detector, or in this case the APD. Therefore, it is crucial to know the Raman spectrum of the 
molecule of interest, which leads to the disadvantage this system has. The disadvantage is that you 
must know the Raman property of the molecule of interest, and that you can only measure the 
change of one substance at a time. There is a possibility of expanding on the detector end by adding 
multiple dichroic mirrors for real-time measurements of multiple substances, but the system will 
become more complicated which is the opposite of the motivation – keeping the system simple. 
However, if another dichroic mirror is set before the detector, there is a possibility of measuring 
the concentration of two substances simultaneously, but will require another lock-in amplifier.
5.2 CONCLUSION
   This method can quantify change in concentration of a substance of interest. Therefore, is different 
than the conventional Raman techniques, which aim to figure out the components of a sample that 
is unknown. In order to use this system, the Raman spectrum of the sample of interest must be 
known and the user must choose which peak – generally the most narrow and intense peak – they 
want to use for amplification and choose the dichroic mirror and band-pass filter accordingly. 
